Abbreviations
=============

ANOVA

:   analysis of variance

2AU

:   arbitrary unit

f

:   fasting days or weeks

rf

:   refeeding days or weeks

I.P

:   intraperitoneal

SEM

:   standard error of mean

Tc

:   core temperature

Tc max

:   maximal core temperature

Tc min

:   minimal core temperature

Tc mean

:   average core temperature

Introduction {#s0001}
============

Obesity has an ever increasing prevalence worldwide and is known to result from a combination of increased energy intake and decreased energy utilization. As a special nutritional example, free availability of high-fat diet can characteristically speed up accumulation of energy reserves (fat tissue) both in humans[@cit0001] and animals.[@cit0002] Conversely, in extreme cases of morbid obesity restriction of food intake or even fasting may be the only method of choice for achieving rapid fall of body mass, a practice obviously full of health risks.[@cit0003] Signs and symptoms of imminent functional breakdown or even fatal outcome in the course of severe food restriction have been sought both in human clinical practice[@cit0006] and in animal studies on obesity to make body mass reducing procedures safe.[@cit0007]

The literature abounds with information about effects of fasting on factors of energetics other than body mass such as body core temperature and spontaneous locomotor activity in normal mice.[@cit0008] In several other homeotherm species, such as pigeons and rats, it has been observed that body temperature of food-deprived animals becomes progressively lower on the consecutive days in the inactive phase of the day, whereas body core temperature remains normal in the active phase.[@cit0012] During fasting, small endotherms may employ daily torpor, a suppression of metabolic rate to as low as 30% of basal metabolic rate together with a fall of core temperature lasting for a period of several hours.[@cit0014] These animals also called daily heterotherms tend to be small, typically 5--50 g, and include hamsters, mice, shrews, gerbils, hummingbirds, numerous marsupials and many others.[@cit0015]

As opposed to the wealth of information on thermoregulatory effects of fasting (not longer than 3 days) in mice fed a conventional rodent diet and having normal body mass, similar studies in mice made obese either by an energy-rich diet or by genetic manipulation have not been reported so far. In a recent paper regular development of daily torpor has been described in ob/ob mice exposed either to a stable cool ambient temperature or to short-lasting fasting.[@cit0015] As far as the long-term effects of fasting in obese mice are concerned, only one study has been published several decades ago[@cit0016] in which detailed metabolic analysis of ob/ob mice subjected to 2 weeks of total fasting was carried out, but body temperature was not recorded.

It appeared therefore worthwhile to study thermoregulatory effects of fasting in mice made obese by a fat-rich diet and to compare the effects to those of lean control mice. Our main goal was to find out whether obese mice also respond to fasting with a similar change of body core temperature as was observed in lean control mice. Another aim was to find a simple non-invasive parameter, which can safely indicate the necessity to terminate fasting and initiate refeeding. It was hypothesized that marked daytime hypothermia develops in obese mice only when body mass approaches a low value similar to that observed in lean mice.

Materials and Methods {#s0002}
=====================

We studied 2 groups (n = 6/group) of C57BL/6 male mice (Charles River Hungary) with an age range of 5- to 6 months at the start of fasting held individually in plastic cages with wood shavings at a subtermoneutral temperature of 24--25°C, that is, below thermoneutrality allowing the development of torpor in mice.[@cit0015] A 12/12 hour light/darkness schedule was used, light starting at 6 a.m.

In one group (Group-1) normal laboratory chow (CRLT/N, Charles River Kft, Budapest, Hungary) was supplied ad libitum followed by a period of 3 days without food when only tap water was provided until re-feeding occurred with the same normal chow. Mice of the other group (Group-2) were fed ad libitum with a fat-rich diet containing 60 per cent energy from fat (TestDiet 58Y1, IPS Product Supplies Ltd., London, UK) until body mass increased above 50 g after 3 months. These mice were also exposed to lack of food with free access to water until daytime body core temperature gradually approached 31°C, when re-feeding was started with the same fat-rich diet, since earlier experience[@cit0017] suggested that lack of food can be well tolerated by non-obese mice as long as daytime body core temperature approaches a value of 30--31°C. As observed in the same experiments, below that core temperature even the night core temperature maxima would markedly decline. In other words, by choosing an hourly average core temperature threshold of 31°C, hypothermia was well within the safe range allowing effective rewarming in both groups of mice during refeeding. Additionally, this value represents the upper threshold of the torpor body temperature range (17--31°C) for mice.[@cit0019] All mice were habituated to daily body mass measurements.

One week before the experiments, each of the mice was intra-abdominally implanted with a biotelemetry transmitter (Minimitter-VMFH, Series 4000, Sunriver, OR) under intraperitoneal (I.P.) ketamine/xylazine anesthesia (78 mg/13 mg kg-1) for continuous monitoring core temperature and locomotor activity allowing 3 days for recovery (following which, normal circadian rhythm appears) and a 4-day baseline monitoring. After the implantation of the biotelemetry transmitter 0.02 mg gentamycin was given I.P. for preventing infection. Sampling abdominal temperature and activity data was set to 5 minutes throughout the experiments. For further data sampling and analysis the Vital View software supplied by the manufacturer was used. Daily excursions of core temperature were determined from differences between night maxima and day minima using 1-hour averages of core temperature. Daily mean core temperature was determined after 24-hour averaging.

The experiments were done according to the general rules set in the Hungarian law on animals and the experimental protocols used were approved by the Ethical Committee of Pécs University (BA02/2000-13/2006) with the implicit limitation that as a result of food restriction nadir body mass should not be lower than that developing after 2 to 3 days of fasting in mice kept on normal laboratory chow. During this period, all mice were closely monitored regarding their body weight, core body temperature, activity levels and behavioral changes. As soon as the mean hourly core temperature reached 31°C, food was immediately returned. Water was freely available and water consumption was regularly checked. The 3-R principle was carefully followed.

For statistical analysis one-way analysis of variance (ANOVA) test with Scheffe\'s post hoc test, repeated measures ANOVA tests and regression analyses (with piecewise linear regression) were used. SPSS Statistics for Windows 11.0 and SigmaPlot for Windows 11.0 were applied. The differences were regarded statistically significant at the level of *P* \< 0.05.

Results {#s0003}
=======

In Group-1 mice fasting resulted in a fall of body mass from 24.3 ± 0.2 to 19.7 ± 0.3 g within 3 days with a return to the pre-fasting body mass after the first re-feeding day (23.7 ± 0.5) (left panel of [**Fig. 1**](#f0001){ref-type="fig"}). As shown in the right panel of [**Fig. 1**](#f0001){ref-type="fig"}, fasting led to a linear fall of body mass Group-2 mice starting from 54.7 ± 1.8 g and reaching 20.0 ± 0.4 g (by the 27th day, on the average) together with a decrease of daytime core temperature to about 30--31°C. In other words, these animals lost 64 per cent of their original body mass. Re-feeding reversed body mass of Group-2 with a more rapid increase during the first week and by the end of the second re-feeding week the body mass doubled (40.3 ± 2.6) followed by a less rapid rise leading to the original obese values by the end of the fifth week (53.0 ± 4.6) (rf1 to rf5 in [**Fig. 1**](#f0001){ref-type="fig"}). Figure 1.Body mass of control mice (Group-1, left panel) and obese mice (Group-2, right panel) before, during fasting (f1-3 or f1-5) and after (rf1-5) fasting lasting for 3 d or 5 weeks, respectively(f -- days or weeks of fasting, rf -- days or weeks of refeeding). Mean ± SEM are shown.

In Group-2 mice, over the first 3 weeks of fasting, body core temperature was modified only slightly with decrease during the day, while at night core temperature was maintained at 38°C (see typical experimental recording in the [**Fig. 2**](#f0002){ref-type="fig"}). It was only during the last week of fasting when daytime core temperature started to decline more progressively on consecutive days reaching one-hour average values lower than 31°C. Re-feeding led to a rapid rise in core temperature together with a decrease of daily body temperature oscillations. In contrast to body mass requiring some 4 weeks for normalization to the previous obese levels (right panel of [**Fig. 1**](#f0001){ref-type="fig"}), the normalization of daily rhythm of the core temperature occurred within the first 5 days of re-feeding (right panel of [**Fig. 2**](#f0002){ref-type="fig"}). Figure 2.Daily body core temperature (Tc) of control mice (Group-1, left panel) and obese mice (Group-2, right panel) before, during and after fasting lasting for 3 days or for 26 days, respectively. Single mouse experiments (one-hour averages) are shown.

In Group-2 mice average daily excursion of core temperature (mean ± standard error of mean, SEM) was 1.5 ± 0.1°C before fasting and remained similar (day minima, night maxima and mean core temperature values measured on days 2, 5 and 10 of fasting are shown in [**Fig. 3**](#f0003){ref-type="fig"} upper panel) by the 20th day of fasting on the average, i.e. up to 7 days before refeeding. From this time on (day -7 in [**Fig. 3**](#f0003){ref-type="fig"}, upper panel), progressive fall of core temperature \[day minima (*P* \< 0.001) and mean core temperature (p = 0.001) started (one-way ANOVA). Therefore, daily excursions of core temperature started to rise significantly and reached a value of 4.1 ± 0.4°C on the last day of fasting (day -1 in [**Fig. 3**](#f0003){ref-type="fig"} lower panel). On the last day of fasting even the night core temperature maxima started to decline (similarly as in controls, [**Fig. 1**](#f0001){ref-type="fig"}). Re-feeding led to a rapid increase of day minima resulting in significant decrease of daily body temperature excursions to 0.4 ± 0.1°C and 0.5 ± 0.1°C (day 1 and day 2 of re-feeding, respectively) with a return to the control value by day 5 of re-feeding (1.5 ± 0.3°C). Figure 3.Upper panel: Night-time maximal (Tc max), daytime minimal (Tc min) and daily average core temperature (Tc mean) in obese mice (Group-2) before fasting, during the first days (2, 5, 10) of fasting, during the last week of fasting (7 and 1 day before re-feeding) and on 1st and 5th days of re-feeding. Lower panel: Daily excursions of core temperature were determined from differences between night maxima and day minima using one-hour averages of core temperature. Asterisks show significant differences between the data sets indicated (\*\**P* \< 0.01, \*\*\**P* \< 0.001, one-way ANOVA). All mice were fed on a fat-rich diet before and after fasting. Mean ± SEM are shown.

As shown in [**Fig. 4**](#f0004){ref-type="fig"}, the change in daytime minimum core temperature as a function of body mass in Group-1 mice was nearly linear (y = 0.81x + 15.14; coefficient of correlation: 0.94, for the regression line: t = 8.85 *P* \< 0.001). However, in Group-2 mice the regression line has a break and a transition point at 36.0 ± 0.2°C and 29.5 ± 0.7 g (piecewise linear regression). Over the body mass of 29.5 g (i.e., during the first 2 to 3 weeks) there is no relation between daytime minimum core temperature and body mass, but under that body mass level a linear correlation has been found between these parameters (y = 0.50x + 21.15; coefficient of correlation: 0.89, for the regression line: t = 13.75 *P* \< 0.001). Figure 4.Daytime minimum core temperature (2-hour averages) (Tc min) as a function of body mass in obese (Group-2, filled symbols) and control (Group-1) mice (open symbols) during fasting. Measurements on the same animals were performed on different fasting days. Regression lines for control group (thin) and obese animals (thick) are indicated. For details of statistics see Results.

Concerning the slopes of the regression lines of the 2 animal groups over a body weight range of 29.5--19.0 g, we found a statistically significant difference (95% confidence interval for Group-1: 0.611 and 1.045 and for Group-2: 0.427 and 0.576). In other words, both in normal and previously obese mice the fall of daytime core temperature to 30--31°C corresponded to a body mass of about 20 g.

Recordings of locomotor activity from 2 individual experiments are shown in [**Fig. 5**](#f0005){ref-type="fig"} (3-day-long fasting of Group-1, in left panel and 27-day-long fasting of Group-2, in right panel). Nighttime locomotor activity of the Group-1 mice showed a gradual rise within the 3 days of fasting followed by a sudden fall on re-feeding. At the same time, daytime activity values did not change. Mean daytime and nighttime activity values of Group-1 mice were similar to those previously reported earlier by the same laboratory.[@cit0017] In Group-2 mice, daytime activity values did not change, while a gradual rise in nighttime activity could be seen, again with a reduction in activity after re-feeding. Because of the individual differences in their raw initial activity values, percentage changes of nighttime locomotor activity values were evaluated for each Group-1 mouse ([**Table 1**](#t0001){ref-type="table"}). Rise in their locomotor activity was significant in the course of fasting \[repeated measures ANOVA, within subject test: F (4,24) = 8.170; *P* \< 0.001\]. On the first day after re-feeding the mean value of nighttime activity returned to the pre-fasting level (103.9 ± 2.4% of the pre-fasting control value, not different from the control day). Figure 5.Locomotor activity in a lean mouse (left panel) and in an obese mouse (right panel). See progressive rises of activity during fasting and rapid decrease on re-feeding both in the obese mouse and in the control mouse. AU = arbitrary units. Two-hour averages are shown. For details of statistics see Results. Table 1.Values of spontaneous night-time locomotor activity (12-h averages) in obese mice (Group-2) during the first days (2, 5, 10) of fasting, 7 days before re-feeding and on the first day after re-feeding (values are shown as percentage of the last pre-fasting control day values). For details of statistics see ResultsDaysActivity (mean ± SEM)day -1 before fasting (control day)100%day 2 of fasting121.8 ± 9.7%day 5 of fasting143.0 ± 8.7%day 10 of fasting176.2 ± 11.3%day -7 before re-feeding172.6 ± 26.9%day 1 after re-feeding103.9 ± 2.4%

Discussion {#s0004}
==========

Fasting as a way of reducing grossly obese body mass of humans has been applied since the 60s of the past century[@cit0005] and was also tested in rats[@cit0021] and in mice[@cit0016] to measure changes of body composition. In earlier studies carried out either in humans or animals, no clear threshold symptom or physiological parameter to stop fasting before irreversible pathological changes occurred had been defined, although limitations such as the size of remaining protein pool for gluconeogenesis or adverse changes in different plasma electrolytes affecting cardiac rhythmicity have long been known.[@cit0022] As an alternative sign of severe depletion of energy stores for basic life processes, hypothermia has also been observed in our previous studies carried out during fasting in mice previously fed with normal chow.[@cit0017] It was therefore worthwhile to apply biotelemetry also in obese mice to follow the time-course of changes in body core temperature during fasting to see if there was any major difference in the appearance of hypothermia.

Under natural conditions, small rodents have been known to enter torpidity or daily hypothermia when food sources are severely limited and/or ambient temperature decreases.[@cit0014] Metabolic response to short-term (24 hours) fasting of mice with diet-induced[@cit0025] has been published without data on body temperature. Information on body temperature response to short-term fasting appeared only in mice with genetic obesity.[@cit0026] Still, no relevant data have been published so far to compare the effects of fasting on body mass, core temperature and locomotor activity in obese mice to those in normal mice. The use of biotelemetry in the present study furnished some evidence for the close link between the loss of body mass and daytime hypothermia, the latter being utilized as an indicator. In fact, body core temperature just a couple of °C higher than ambient temperature (30--31°C vs. 24--25°C) is still around the safe low level, below which spontaneous re-warming seems to be difficult during severe loss of body mass.[@cit0027]

As demonstrated by the present data, Group-2 mice previously kept on a fat-rich diet, could tolerate fasting with their daytime body temperature reaching 31°C, a value also observed in mice previously kept on conventional chow and exposed to fasting. It should be emphasized that no attempt has been made in the present study to investigate the survival of mice, in other words, not even one mouse was lost as a result of fasting. In fact, experience gained from earlier studies served as a safeguard to ensure complete recovery of the animals in the present study by carefully monitoring core temperature with biotelemetry and hence interrupting fasting if daytime core temperature approached a threshold value of 31°C.[@cit0017]

In our present study, in both groups of mice, locomotor activity increased at night with day values remaining about the same during fasting, a widely known phenomenon characteristic of both rats and mice kept on normal diet[@cit0016] and obese rats.[@cit0031] As to the mechanism of nighttime normothermia induced by increased locomotor activity, a myokine factor, irisin can be mentioned that has been shown to be produced by high skeletal muscle activity and may lead to increased release of energy supplying substrates from fat tissue.[@cit0032]

As opposed to the Group-1 mice able to withstand only 2 to 3 days of fasting with daily core temperature oscillations increasing from the first day onwards, Group-2 mice showed normal daily body temperature oscillation for 2 to 3 weeks of fasting in the present study. It was only during the last week of fasting, when daytime body temperature approached values just below 31°C, while nighttime core temperature was still maintained around normothermia.

The authors of the present study are not aware of any study carried out so far in mice with diet-induced or any other types of obesity, in which body mass decreased as much as in the present study (by 64 per cent) and the animals survived after 4 weeks of fasting and re-feeding with the final body mass ending up the original obese value measured at the beginning of the experiments. It is most likely that a hormonal signal such as leptin in fed state and its fall in fasting could be involved in the alterations of daily body temperature oscillations.[@cit0015] In fact, if leptin level decreased in the present studies only by about the third week of fasting, it possibly could explain the development of gradual daytime metabolic depression, hypothermia and torpor. In contrast to the probably hyperleptinemic obese mice of the present study, in leptin-deficient ob/ob mice food deprivation can induce daily torpor shortly after the start of fasting; moreover, obese mice become more hypothermic than the lean sex-matched controls.[@cit0008] It has not been clear so far if the fall of the whole body mass or the fall of fat tissue mass could be the regulatory factor serving as a signal to allow progressive hypothermia. Conversely, metabolically active tissue mass decreasing to some critically low level could limit the availability of substrate(s) needed as fuel for brain energy metabolisms which finally may lead to severe hypothermia.

It is concluded that during fasting, a fall in daytime body core temperature is only induced when a low critical body mass is reached, irrespective of the time of fasting and of the initial pre-fasting body weight. Fall in daytime minimum body core temperature is probably determined by the remaining body mass. The results of the present study suggest that in mice not fasting itself, but its effect on body mass may induce torpor or daytime hypothermia. In other words, although diet-induced obesity in mice changed the course and prolonged the duration of our experimental intervention, it does not seem to influence the body mass for the critical thermoregulatory change that is similar to that observed in the control group. The gradual and progressive fall of daytime core temperature during the late phases of fasting both in control and obese mice in the present study may be utilized in experiments where cold exposure and/or fasting presents a challenge to thermal homeostasis and could even present a threat to survival. The relative ease of continuous biotelemetric monitoring of body core temperature of mice possessing a small body mass is also the method of choice when pharmacological actions of substances affecting body energetics are tested.[@cit0034]

Perspectives {#s0005}
============

The presented data suggest that in the course of fasting, the falling body mass and possibly the decreasing fat content are responsible for the initiation of progressive daytime hypothermia. Determination of body composition and fat ratio at different phases of fasting seems to be of utmost importance. In the regulation of energy balance (including metabolic rate and body temperature) the most significant known signals of body mass and composition are leptin and insulin. Therefore, the plasma levels of these peptides and their metabolic responsiveness to exogenous administration should be monitored both during fasting in control mice and in diet-induced obese animals. Plasma fatty acids, glucose, and ketone bodies, as well as respiratory exchange ratio are also to be measured in the course of fasting, together with indicators of gluconeogenesis.
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